1. A spectrophotometric assay of the rates of penetration of oxaloacetate and L-malate into mitochondria is described. The assay is based on the measurement of the oxidation of intramitochondrial NADH by oxaloacetate and of the reduction of intramitochondrial NAD+ by malate. 2. The rate of entry of both oxaloacetate and L-malate into mitochondria is restricted, as shown by the fact that disruption of the mitochondrial structure can increase the rate of interaction between the dicarboxylic acids and intramitochondrial NAD+ and NADH by between 100-and 1000-fold. 3. The rates of entry of oxaloacetate and malate into liver, kidney and heart mitochondria increased by up to 50-fold on addition of a source of energy, either ascorbate plus NNN'N'-tetramethyl-p-phenylenediamine aerobically, or ATP anaerobically. 4. In the absence of a source of energy the changes in the concentrations of intramitochondrial NAD+ and NADH brought about by the addition of L-malate or oxaloacetate were followed by parallel changes in the concentrations ofNADP+ and NADPH, indicating the presence in the mitochondria of an energy-independent transhydrogenase system. 5. The results are discussed in relation to the hypothesis that malate acts as a carrier of reducing equivalents between mitochondria and cytoplasm.
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Several investigators (Bucher & Klingenberg, 1958; Borst, 1963; Sacktor & Dick, 1964; Lardy, Paetkau & Walter, 1965; Krebs, Gascoyne & Notton, 1967; Krebs, 1967) antimycin A and oligomycin A were from Mann Research Laboratories (New York, N.Y., U.S.A.). ATP and ADP were added as neutral sodium salts, and ascorbate, oxaloacetate and malate as tris salts.
Measurement of the kinetics of reduction of intramitochondrial NAD+. Two methods of measuring changes in the state of reduction of NAD+ were used. The main method was the spectrophotometric procedure of Chance (1951 Chance ( , 1957 with the Aminco-Chance dual-wavelength spectrophotometer (see also Klingenberg & Slenczka, 1959) .
Changes in the state of NAD+ reduction were detected by measuring E340-E374, assuming c,. to be 4-4cm.-' (Chance & Hollunger, 1961 ).
This method is not accurate if the mitochondria undergo extensive swelling or shrinkage during the experiment, because these affect the extinction especially at lower wavelengths (see Lehninger, 1962) . Swelling can be detected in the dual-wavelength spectrophotometer by measuring E340 and E374 independently. For the purpose of the calculations the EmM values of NADH were taken to be 6 2cm.-1 at 340mju and 1 8cm.-1 at 374mju. Thus if the mitochondria did not undergo volume changes during the oxidation of NADH the AE340/AE374 ratio would be 6-2/ 1-8= 3-4. If swelling or shrinkage occurred during the experiment the ratio would change, and in both cases would decrease. Tests by this criterion showed that liver and heart mitochondria did not swell or shrink in tris-HCl-or tricine-KOH-buffered media under the conditions investigated. Kidney mitochondria swelled in tris-HCl-buffered medium but not in tricine-KOH-buffered medium in the presence of a source of energy, and hence the latter medium was employed.
A second method for measuring the state of oxidation of the dinucleotides was required as a check because the spectrophotometric method fails to distinguish between NADH and NADPH. NAD+, NADP+, NADH and NADPH were determined separately by the enzymic methods described by Klingenberg (1963) .
Chemical determinations. Oxaloacetate was assayed by the method of Hohorst & Reim (1963) , and L-malate by the method of Hohorst (1963) . Mitochondrial protein was measured by the method of Gornall, Bardawill & David (1949) .
Preparation of mitochondria. Twice-washed mitochondria were prepared from the organs of 250g. female rats by a modification of the method of Hogeboom (1955) . After removal of connective tissue, liver, heart and kidney cortex were homogenized in 0-25 M -sucrose -10mM -tris -HC1-01 mM-tris-EDTA medium, pH7-6. The homogenates were centrifuged twice for 7min. at 5OOg and the pellets discarded. Mitochondria were then separated by centrifugation for 15min. at 5400g, washed by resuspension in 0-25M-sucrose-10mM-tris-HCl medium, pH 7-6, and recentrifuged. Mitochondria were finally suspended in 0-25 m-sucrose-10mM-tris-HCl medium, pH 7-6. The protein concentration of the suspension was 15-30mg./ml. These mitochondria gave P/0 ratios 2-5-2-8 with pyruvate plus L-malate as substrate, and showed good respiratory control, as indicated by a large increase in the 02 uptake on addition of ADP. There was no significant leakage of NAD+, as tested by addition of ethanol plus yeast alcohol dehydrogenase, or of NADH, as tested by the addition of pyruvate plus lactate dehydrogenase.
Disrupted mitochondria required for the assay of mitochondrial malate dehydrogenase were prepared either by incubation with 0-1% Triton X-100 at 0°for 30min., or by subjecting mitochondria to ultrasonic oscillation for 2min. with the MSE Ultrasonic power unit. Measurement of oxygen uptake. The respiration of mitochondria was measured polarographically in the Clark-electrode cell as modified by Chappell (1964) .
Assay of malate dehydrogenase. The malate dehydrogenase activity of disrupted mitochondria was determined spectrophotometrically by measuring E334 with the Eppendorf photometer or by measuring E340 -E374 with the AmincoChance dual-wavelength spectrophotometer. The basal medium was 025M-sucrose-20mM-tris-HCl, pH7-6. The formation of malate was measured with 01 mM-NADH, 0 5-1 0/g. of mitochondrial protein and various amounts of oxaloacetate. The reverse reaction was measured with 0-26mM-NAD+, 2-10jug. of mitochondrial protein and various amounts of L-malate.
Conditions of incubation for the study of the oxidation of intramitochondrial NADH by oxaloacetate. The measurement of the oxidation of NADH by oxaloacetate requires a relatively high initial concentration of NADH in the mitochondria. This can be achieved by the addition of 0-5-2-0mM-succinate, which is known to cause an extensive reduction of NAD+ (Chance & Hollunger, 1957 Table 4 . Compari8on of the kinetic8 of oxygen uptake of mitochondria in the presence of L-malate with the kinetic8 of the reduction of intramitochondrial NAD+ by L-malate The rates of 02 uptake of mitochondria at 300 were measured as described in Fig. 5 (m,umoles/min./ mg. of protein)
1-8 14-3 4.9 played a major role in the present experiments because the extramitochondrial transaminase was removed during the preparation of the mitochondria. The experiments demonstrate for all three types of mitochondria investigated (liver, kidney and heart) that energy supplied either in the form of oxygen consumption, with ascorbate as substrate, or in the form of ATP, promoted the entry of both oxaloacetate and malate. It should be mentioned that Tager (1966) has already considered the possibility that the translocation of oxaloacetate within mitochondrial compartments might be energy-dependent.
Correlation of measurement8 on i8olated mitochondria to metabolic processes in vivo. The observed rates of penetration of oxaloacetate and malate into mitochondria and the rates of reaction of the dicarboxylic acids in disrupted mitochondria must be correlated to the maximal rates postulated on the assumption that the oxaloacetate-malate couple is the only carrier of reducing equivalents between mitochondria and cytoplasm. When gluconeogenesis from lactate takes place (or from substrates of the same redox level as lactate) no transfer of reducing equivalents is required. When pyruvate is the gluconeogenic precursor the maximal rates of gluconeogenesis recorded for rat liver are 1-5 ,umoles/ min./g. at 370 (Ross, Hems, Freedland & Krebs, 1967) . With serine and alanine the maximal rates are somewhat lower. For each molecule of glucose formed from pyruvate two pairs of hydrogen atoms have to be transferred from the mitochondria to the cytoplasm, but as oxaloacetate is continuously generated in the mitochondria, possibly at a rate equivalent to that of gluconeogenesis, no transfer of oxaloacetate into the mitochondria is to be postulated. This depends on whether pyruvate carboxylase is in rat liver predominantly located in the mitochondria, a view widely held (see Lardy et al. 1965 ) but contested by Henning, Stumpf, Ohly & Seubert (1966) . If oxaloacetate is formed from pyruvate only in the mitochondria its rate of reduction should be at least 3,umoles/min./g., and the postulated rate of passage of malate out of the mitochondria into the cytoplasm is the same.
The measurements in the present paper all refer to rates per mg. of mitochondrial protein. About 20% of the liver fresh weight is protein, and according to Price, Miller & Miller (1948) 30% of rat liver protein is mitochondrial protein. Thus 1g. of fresh liver contains about 60mg. ofmitochondrial protein.
It follows from the data in Table 2 that the rate of reduction of oxaloacetate (10uM) at 300 was 4-6 x 60 = 275 pmoles/min./g. Thus it was even at 300 92-fold greater than the maximal postulated rate for 37°. In view of the low apparent Km (3,UM) the activity of the enzyme cannot be appreciably lower at physiological oxaloacetate concentrations. By contrast, the highest rate of intramitochondrial reduction of external oxaloacetate in intact mitochondria (in the presence of ascorbate plus TMPD) was only 4-0m,umoles/min./mg. of protein or 0-24,umole/min./g. at 300 ( Table 2) .
The fact that no major concentration gradients of malate between mitochondria and cytoplasm have ever been recorded (see Gamble, 1965) indicates that the passage of malate out of the mitochondria is of the same order of magnitude as its formation from oxaloacetate.
The rate of entry of malate into mitochondria is to be correlated to the rate of oxygen consumption when carbohydrate is oxidized, either to serve as a fuel ofrespiration or as a precursor in the synthesis of fatty acids. In both situations the breakdown of each molecule of glucose yields two molecules of pyruvate and of NADH in the cytoplasm and these must be transferred to the mitochondria. In liver the rate of the oxygen consumption is between 2 and 8,umoles/min./g. depending on the presence of substrates (Hems, Ross, Berry & Krebs, 1966) .
When glucose is completely oxidized one molecule of NADH is to be transferred into the mitochondria for three molecules of oxygen consumed. Thus between 0-7 and 2-4p,moles of NADH have to enter Vol. 10, i 665 PERMEABILITY OF MITOCHONDRIA J. M. HASLAM AND H. A. KREBS per min./g. This is the rate at which malate, if it is the sole carrier of reducing equivalents, must enter the mitochondria. The maximal observed rate at 300 (Table 1) was 2-4 x 60 x 10-3 = 0l14mnole/min./ g. or 20% of the lowest postulated rate. Considering the temperature difference and the uncertainty of the assumption that carbohydrate or lactate is the sole fuel of respiration, it can be argued that the observed rate of malate entry approaches the order of magnitude of the postulated one. Moreover the rate under the test conditions, i.e. in the presence of and the absence of possible accessory mechanisms, especially of the intramitochondrial transaminase, may have been sub-maximal, but it is nevertheless probable that in the liver another carrier, the a-glycerophosphate system (Bucher & Klingenberg, 1958) , is the major agent in the transfer of reducing equivalents from the cytoplasm to the mitochondria.
In heart muscle the rate of penetration of malate into mitochondria must also be correlated to the rate of oxygen consumption. Maximal rates of oxygen consumption in the working rat heart are 13,umoles/min./g. fresh weight (Neely, Liebermeister, Battersby & Morgan, 1967 Chappell & Haarhoff (1967) suggest that there are different mechanisms for the various intermediates of the tricarboxylic acid cycle, which could make it possible that it is the transport of anions that is promoted actively. On the other hand, there is evidence indicating the presence in mitochondria of energy-linked cation transport tightly coupled to the synthesis and fission of ATP (see Cockrell, Harris & Pressman, 1966 . Fission of ATP promotes the accumulation of K+ and, as the system is reversible, the movement of K+ in the opposite direction brings about ATP synthesis (see also Garrahan & Glynn, 1967) , but whether K+ or Ca2+ or H+ is the primarily moving ion is an open question. The attractive aspect of the assumption that cations are the primary agents (see also Gamble, 1965; Harris, Hofer & Pressman, 1967a; Robinson & Chappell, 1967) is the close and direct relation that has been established between oxidative phosphorylation and cation movements.
If the transport of oxaloacetate is in the direction of the concentration gradient, this does not mean that the parallel movement of cations, or the opposite movement of anions, is also in the direction of the concentration gradient. For this reason it is understandable that the transport of oxaloacetate is facilitated by the supply of energy. Consideration of a Donnan system illustrates the point that, even where concentration gradients exist, energy is nevertheless needed to transport ions in the direction of the gradient.
Energy-dependence of the mitochondrial uptake of &uccinate. The rate of oxidation of succinate by heart mitochondria is inhibited by 2,4-dinitrophenol and addition of ATP counteracts this inhibition (Krebs, 1962) . This may be taken to indicate that the uptake of succinate by mitochondria, like that of malate and oxaloaketate, is facilitated by the supply of energy (see also Harris et al. 1967a;  Harris, Van Dam & Pressman, 1967b; Pahnieri, Cisternino & Quagliariello, 1967) .
Effectiveness of energy-independent intramitochondrial tran8hydrogena8e. It was recently shown (Williamson, Lund & Krebs, 1967 ) that the glutamate dehydrogenase of liver mitochondria rapidly reacts with NAD, contrary to the views expressed by Klingenberg & Slenczka (1959) , Klingenberg & Pette (1962) and Tager & Papa (1965) , who came to the conclusion that glutamate dehydrogenase of intact mitochondria reacts with NADP only. Williamson et al. (1967) pointed out that if glutamate dehydrogenase in the intact liver reacts with both dinucleotides the NAD and NADP systems in the matrix of liver mitochondria would be in equilibrium.
Experimental proof for the presence in liver mito- Klingenberg & Slenczka (1959) .
